Atosiban, an oxytocin/vasopressin receptor antagonist, is used to decrease preterm uterine activity. The risk of preterm delivery is undoubtedly associated with stress, but potential side effects of atosiban on neuroendocrine functions and stress-related pathways are mostly unknown. These studies were designed to test the hypothesis that the chronic treatment of rats with atosiban modulates neuroendocrine functions under stress conditions. Male rats were treated (osmotic minipumps) with atosiban (600 mg/kg per day) or vehicle and were restrained for 120 min/day for 14 days. All animals were treated with a marker of cell proliferation 5-bromo-2-deoxyuridine. Anxiety-like behavior was measured using an elevated plus-maze. Treatment with atosiban failed to modify plasma concentrations of the stress hormones ACTH and corticosterone, but led to a rise in circulating copeptin. Atosiban increased prolactin levels in the non-stressed group. Oxytocin receptor mRNA levels were increased in rats exposed to stress. Treatment with atosiban, in both control and stressed animals, resulted in a decrease in oxytocin receptor gene expression in the hypothalamus. No changes were observed in vasopressin receptor 1A and 1B gene expression. The decrease in hippocampal cell proliferation induced by stress exposure was not modified by atosiban treatment. This study provides the first data, to our knowledge, revealing the effect of atosiban on gene expression of oxytocin receptors in the brain. Atosiban-induced enhancement of plasma copeptin indicates an elevation in vasopressinergic tone with potential influence on water-electrolyte balance.
Introduction
Atosiban is a known antagonist of oxytocin and vasopressin receptors and is clinically used to decrease preterm uterine activity and preterm labor (Goodwin et al. 1994 , Usta et al. 2011 . Generally, atosiban is considered to be a relatively safe drug with a better adverse effect profile compared with other tocolytics (Husslein et al. 2006) . However, the risk of preterm delivery is associated with many stressful situations and the knowledge of the effects of atosiban during stress conditions is limited. oxytocin in the hypothalamus as well as the concentration of oxytocin in the peripheral circulation and in the brain is increased. Vasopressin is released particularly in response to stress stimuli with an osmotic component (Jezova et al. 1995 , Neumann 2007 , Babygirija et al. 2012 .
Among the negative consequences of chronic stress exposure are changes in brain plasticity, with consequent development of psychopathologies and cognitive impairments (Duncko et al. 2001 , Hemmerle et al. 2012 , Izakova & Jezova 2013 . Stress-induced decreases in parameters of brain plasticity, such as glutamatergic neurotransmission, long-term potentiation, synaptogenesis, and adult neurogenesis, are under the influence of several regulatory factors including posterior pituitary neuropeptides (McEwen 2012) .
Exposure to stressors, occurring under demanding life situations as well as under experimental conditions, induces neuroendocrine activation associated with increased anxiety . Oxytocin and vasopressin receptors have been implicated in the regulation of anxiety and stress responses (Mak et al. 2012 , Bowen & McGregor 2014 . In contrast to the knowledge regarding the actions of atosiban on reproductive functions, the information available on its effects on the brain is very limited (Broadbear et al. 2014) .
The main objective of the present studies was to test the hypothesis that the chronic treatment of rats with the oxytocin/vasopressin receptor antagonist atosiban modulates neuroendocrine functions under stress conditions, namely the gene expression of oxytocin and vasopressin receptors in the hypothalamus as well as circulating concentrations of ACTH, corticosterone, prolactin, oxytocin, and copeptin, a stable peptide of the vasopressin precursor. To avoid interference due to hormonal change during the estrous cycle (Bale et al. 1995) , male rats were selected as experimental animals. In addition, cell proliferation in the hippocampus as a parameter of brain plasticity and anxiety behavior were measured.
Materials and methods

Animals
Seven-week-old male Wistar rats (AnLab s.r.o., Prague, Czech Republic) (150-175 g) were used in this study. Rats were allowed to acclimate to the housing facility for 7 days before testing. They were kept in temperature-controlled housing room (22G2 8C) under constant 12 h light:12 h darkness cycle (lights on at 0600 h). Animals were housed individually in standard cages with free access to rat chow and tap water. All experimental procedures were approved by the Animal Health and Animal Welfare Division of State Veterinary and Food Administration of the Slovak Republic and conformed to the NIH Guidelines for Care and Use of Laboratory Animals.
Experimental procedures
The animals were randomly assigned into two treatment groups (nZ16 rats/group), vehicle-and atosiban-treated rats. Atosiban (Sigma-Aldrich) or vehicle (saline) was continuously administered via osmotic minipumps (Model 2002, Alzet, Alza Corp., Mountain View, CA, USA) for 15 days. Osmotic minipumps were implanted subcutaneously as described previously . The concentration of atosiban used to fill the pumps was calculated based on the mean pump infusion rate provided by the manufacturer (0.5 ml/h, 14 days), the body weight of animals, and the dose intended. The minipumps delivered atosiban at a dose of 600 mg/kg body weight per day. This dose has been demonstrated to block oxytocin receptors on rat myometrium (Engstrøm et al. 2000) . Control animals received minipumps that contained vehicle only. After implantation, rats were housed individually. As prolonged atosiban treatment might have an effect on water balance, the water consumption was measured daily.
Half of the animals from each treatment group were exposed daily to a stress paradigm. The second half remained undisturbed in their home cages. According to the treatment and stress exposure, rats were finally assigned to one of four experimental groups (nZ8 rats/group): i) CONTROL-VEHICLE, rats treated with vehicle without stress exposure; ii) CONTROL-ATOSIBAN, rats treated with atosiban without stress exposure; iii) STRESS-VEHICLE, rats treated with vehicle with stress exposure; and iv) STRESS-ATOSIBAN, rats treated with atosiban with stress exposure.
On the 13th day of the experiment, all animals were subjected to behavioral testing in the elevated plus maze to evaluate anxiety-like behavior. The testing was performed during the daytime when animals were most active starting at 1900 h.
On the 14th day of the experiment, all animals were treated with 5-bromo-2-deoxyuridine (BrdU) (Roche), an indicator of cell proliferation. BrdU was injected twice at a dose of 100 mg/kg intraperitoneally. The administration was in the afternoon and the time interval between the first and second injections was 4 h. Tissues were collected at approximately 17 h after the last BrdU injection.
On the 15th day of the experiment, animals were not exposed to the stress paradigm, but both control and stressed animals were killed by decapitation (approximately 24 h after last stress exposure). The trunk blood was collected into cooled polyethylene tubes containing EDTA as an anticoagulant and centrifuged immediately at 4 8C to separate plasma, which was stored at K20 8C until analysis. The brain was quickly removed from the skull. The hippocampus and hypothalamus were dissected, frozen in liquid nitrogen, and stored at K70 8C until analysis.
Stress model
Restraint stress was induced by taping all four limbs of the rat to metal mounts attached to a wooden board as described previously (Jezova et al. 1998) . The immobilization was performed between 0830 and 1130 h, lasted for 120 min, and was repeated once daily for 14 days.
Elevated plus maze test
On the 13th day of experiment, animals were subjected to the elevated plus maze test for 5 min. The maze was employed as described previously 
Analysis of cell proliferation in the hippocampus
The dissected hippocampus was sonicated using an MSE sonicator (Scientific Instruments, Darwen, England) with an intensity of 5 mm amplitude in Tris buffer (50 mM NaCl, 10 mM Tris-HCl, pH 7.5) for 20 s. DNA was extracted from 20 mg of sonicated tissue using a commercially available nucleic acid purification kit (Wizard genomic DNA Purification kit, Promega), according to the manufacturer's instructions. DNA concentrations were measured photometrically (GeneQuant Pro, Biochrom Ltd, Cambridge, UK) at a wavelength of 260 nm and stored at 4-7 8C. BrdU incorporation into DNA was measured by ELISA as described previously (Babic et al. 2012 , Babic & Jezova 2014 .
RNA isolation and real-time PCR analysis
Total RNA from hypothalamus was isolated using an SV total RNA isolation system (Promega). Isolated RNA (1 mg) was reverse transcribed using oligo(dT) nucleotides and the ImProm-II RT system (Promega). Real-time qPCR was used for quantitative evaluation of gene expression of oxytocin receptor and vasopressin receptor 1A. Analyses were performed in 20 ml reaction volume using GoTaq qPCR Master Mix (Promega). ROX was used as a reference dye. Specific primers (Table 1) for oxytocin receptor (Devidze et al. 2005) , vasopressin 1A, and vasopressin 1B receptors were used at a concentration of 0.25 pmol/ml. The reaction mixture consisted of 10 ml GoTaq qPCR Master Mix, 0.2 ml ROX (Promega), 1 ml forward primer and 1 ml reverse primer (5 mM stock solution), and 5 ng cDNA for analysis and water was added to make up the volume to 20 ml. qPCR was performed using a Fast Real-Time PCR System 7900 HT (Applied Biosystems). Initial denaturation at 95 8C for 10 min was followed by 40 cycles at 95 8C for 15 s and 60 8C for 30 s and 72 8C for 30 s. Melting curve analysis was performed for 20 min and did not detect any non-specific products of PCR. Gene expression levels were normalized to housekeeping gene ribosomal protein S29 (Table 1) . The data obtained by real-time PCR were quantified by the 2 KDDCt method (Livak & Schmittgen 2001) . Owing to the high homology of oxytocin and vasopressin, the TaqMan Gene Expression Assay num. Rn01515060_g1 (Applied Biosystems) was used for the measurement of oxytocin gene expression in the hypothalamus by real-time PCR. This assay permits amplification of mRNA responsible for the translation of oxytocin prepropeptide and it was performed according to the manufacturer's protocol.
Hormone measurements
Plasma concentrations of corticosterone were analyzed by RIA after dichloromethane extraction as described previously (Jezova et al. 1994) . The intra-and inter-assay coefficient of variation (CV) values were 6% and 8% respectively and the sensitivity of the assay was 0.5 mg/100 ml plasma. Concentrations of oxytocin in plasma were measured using a commercially available EIA kit (Oxytocin EIA kit, Enzo Life Sciences, Farmingdale, NY, USA). The intra-and inter-assay CV values were 4.7% and 10% respectively and the sensitivity of the oxytocin kit was 11.7 pg/ml. Concentrations of copeptin and prolactin in plasma were measured using commercially available ELISA kits (Rat Copeptin ELISA kit, Cusabio Biotech Co., Hubei, China; Prolactin rat ELISA, Demeditec Diagnostics, Kiel-Wellsee, Germany). The intra-and interassay CV values for the copeptin kit were 8% and 10% respectively and the sensitivity of the kit was 15.6 pg/ml. The intra-and inter-assay CV values for the prolactin kit were 4.13% and 4.06% respectively and the sensitivity of the prolactin kit was 0.6 ng/ml. Concentrations of ACTH in plasma were measured using a commercially available RIA kit (ACTH (rat, mouse) RIA kit, Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA). The intra-and interassay CV values were 4.5% and 10% respectively and the sensitivity of the ACTH kit was 34.1 pg/ml. All hormone measurements were performed in duplicate.
Statistical analysis
All data were analyzed using factorial two-way ANOVA with treatment and stress as main factors. Whenever interaction reached significance, the Fisher post hoc test was performed. Results are expressed as meanGS.E.M. The overall level of statistical significance was defined as P!0.05.
Results
Plasma concentrations of ACTH (Fig. 1A) and corticosterone (results not shown), the main hormones of the hypothalamic-pituitary adrenocortical axis, were unchanged 24 h after the last stress exposure in both treatment groups. Treatment with prolactin had a mild stimulatory effect on prolactin release. The statistical analysis by two-way ANOVA following exclusion of one outlier (Box-Plot analysis) revealed a marginal main effect of the treatment (PZ0.06). If the effect of atosiban was compared with the effect of vehicle in the control, unstressed group only, the effect of the treatment was statistically significant (P!0.05; Fig. 1B ).
Oxytocin concentrations in plasma were higher in rats exposed to stress (F (1, 26) Z10.913, P!0.01) compared with the values in controls (Fig. 1C) . Treatment with atosiban had no effect on oxytocin concentrations in plasma. Neither treatment with atosiban nor stress exposure altered the abundance of oxytocin mRNA in the hypothalamus ( Fig. 2A) . Gene expression of oxytocin receptor in the hypothalamus was affected by both stress exposure and atosiban treatment. Hypothalamic concentrations of mRNA coding for oxytocin receptor were significantly greater (F (1, 25) Z5.4498, P!0.05) in rats exposed to stress compared with those in control rats and were significantly less (F (1, 25) Z4.5721, P!0.05) in rats treated with atosiban compared with those treated with vehicle (Fig. 2B) .
Plasma concentrations of copeptin increased in response to atosiban treatment but not in response to stress exposure. Plasma copeptin (F (1, 25) Z6.6657, P!0.05) was significantly higher in animals treated with atosiban (Fig. 1D) . Gene expression of vasopressin 1A (Fig. 2C ) and 1B receptors (Fig. 2D ) in the hypothalamus was not Results are expressed as meanGS.E.M. Statistical significance was determined by two-way ANOVA.
changed in response to stress exposure or treatment with atosiban. Neither treatment with atosiban nor stress exposure altered daily water consumption. On the last day of the treatments, the water consumption in atosiban-treated rats was 26.9G2.34 ml and that in vehicle-treated animals was 25.1G1.22 ml.
The incorporation of BrdU into DNA in the hippocampus was significantly less (F (1, 20) Z4.3945, P!0.05) in rats exposed to stress compared with that in controls. Treatment with atosiban had no effect on incorporation of BrdU into DNA in the hippocampus (Fig. 2E) .
Anxiety-like behavior was evaluated by ethological (related to exploration and risk assessment behavior) as Statistical evaluation of the frequency of unprotected head dipping, an ethological parameter, showed a significant interaction (F (1, 25) Z5.3315, P!0.05) between the factors treatment and stress. Post hoc analysis showed that stressed animals treated with vehicle had a lower frequency of unprotected head dipping (P!0.05) than control animals treated with vehicle (Fig. 2F ). There were no effects of stress exposure on any of the plus maze test parameters in atosiban-treated rats.
Discussion
The present results indicate that in both control and stressed animals, treatment with atosiban resulted in decreased gene expression of oxytocin receptor in the hypothalamus and greater circulating concentrations of copeptin. The stress-induced decrease in cell proliferation in the hippocampus was not modified by atosiban treatment. Irrespective of atosiban treatment, repeated stress resulted in an increase in plasma oxytocin as well as in oxytocin receptor gene expression in the hypothalamus as measured 24 h following the last stress exposure. Chronic treatment with atosiban resulted in significantly greater circulating concentrations of copeptin in both control and stressed animals. Copeptin, the C-terminal moiety of provasopressin, is cosecreted with vasopressin and its levels correlate well with circulating concentrations of vasopressin (Balanescu et al. 2011) . It has been reported that atosiban blocks vasopressin 1 receptors (Pettibone et al. 1992) . Thus, enhanced concentrations of copeptin indicate increased release of vasopressin in compensation for oxytocin and vasopressin 1A/1B receptor blockade. It is unlikely that the rise in plasma copeptin concentrations, consistent with increased vasopressin release, resulted in major problems in water balance, as atosiban treatment did not affect water consumption. Concentrations of copeptin were unchanged 24 h after repeated stress exposure. Though copeptin (Katan & Christ-Crain 2010) and vasopressin (Jezova et al. 1995) are considered to be stress hormones, a stress-induced elevation in vasopressin secretion was not expected. Previous studies using chronic or repeated stressors in rats showed unchanged or decreased vasopressin concentrations (Michajlovskij et al. 1988 , Babic & Jezova 2014 .
Treatment with atosiban, particularly under non-stress conditions, led to an increase in plasma concentrations of prolactin. This is surprising because many results have indicated that oxytocin may act as a prolactin-releasing factor (Kennett & McKee 2012) . The treatment with a selective oxytocin antagonist, which does not cross the blood-brain barrier, infused intravenously via osmotic minipumps inhibited suckling-induced prolactin release (Kennett et al. 2009 ). However, the inhibitory action of a single injection of several oxytocin antagonists (Johnston & Negro-Vilar 1988) as well as of atosiban (Wilson 2007) was not supported by the results reported by other authors. The action of atosiban on prolactin release does not seem to be mediated by the blockade of vasopressin receptors, as prolactin concentrations were unchanged in vasopressin-deficient Brattleboro rats (Zelena et al. 2006) .
Interestingly, chronic stress resulted in increased gene expression of oxytocin receptors in the hypothalamus induced by chronic stress together with downregulation of expression of these receptors by treatment with atosiban. To our knowledge, gene expression of oxytocin receptor in the hypothalamus under the conditions of chronic stress in rats or mice has not been studied thus far. Oxytocin receptors in the hypothalamus play an important role in energy homeostasis, including feeding behavior (Arletti et al. 1989) and thermoregulation (Kasahara et al. 2013) . Oxytocin receptors are located in several hypothalamic nuclei and their roles in reproductive functions are underlined by changes in binding and/or gene expression during the estrous cycle and pregnancy (Bale et al. 1995 , Bealer et al. 2006 . Results from a recent study on prairie voles (Pournajafi-Nazarloo et al. 2013) , an animal species with specific social behavior, revealed a decrease in oxytocin receptor mRNA concentration in the hypothalamus following chronic isolation. The finding of decreased mRNA concentration of oxytocin receptors in the hypothalamus in atosiban-treated animals appears to be the first evidence on the effect of atosiban on these neuropeptide receptors in the brain. We can speculate that the decrease in oxytocin receptor mRNA is the consequence of slowed degradation or internalization (Ismayilova et al. 2006) . Similarly, we have recently observed a decrease in a metabotropic glutamate receptor, another G-proteincoupled receptor, gene expression in response to the treatment with its antagonist (Pokusa et al. 2014) .
Gene expression of vasopressin 1A and 1B receptors was not altered by chronic stress and treatment with atosiban. Both vasopressin 1A and 1B receptors are widely distributed in the brain including the hypothalamus (Egashira et al. 2009 ). Vasopressin 1B receptors are also located in the pituitary and play a role in the control of HPA axis and stress-related behaviors. Results of previous studies had revealed no effect of stress exposure on vasopressin 1A and/or 1B receptor mRNA concentrations in the hypothalamus of rats (Schmidt et al. 2003) as well as in prairie voles (Pournajafi-Nazarloo et al. 2013) . It should be noted that upregulation of vasopressin 1B receptors in response to chronic stress at the pituitary level has been reported (Volpi et al. 2004) .
The concentrations the of stress hormones ACTH and corticosterone were not influenced by atosiban treatment. As only a single dose of atosiban was used in the present studies, hormonal changes in response to higher doses of atosiban cannot be excluded.
Plasma ACTH, corticosterone, and prolactin were unchanged in rats exposed to the chronic stressor, which is not surprising because blood collection was not performed immediately after the cessation of the stress exposure. Interestingly, concentrations of oxytocin were found to be significantly increased even 24 h after the last stress exposure. Limited information is available on changes in oxytocin release in response to repeated or chronic stress stimuli. In our recent study, plasma oxytocin concentrations were elevated in response to immobilization stress even if repeated seven times. However, unlike the first stress exposure, oxytocin levels returned to normal 24 h following the 7th exposure, indicating the development of an adaptation response (Danevova et al. 2013) . The results of the present study reveal that exposure to this intensive stressor for 14 days is associated with prolongation of stress-induced elevation of plasma oxytocin.
The gene expression of oxytocin in the hypothalamus was unchanged. Relative to oxytocin gene expression in the brain, the present results indicating that there is no effect of stress exposure on oxytocin mRNA levels in the hypothalamus are consistent with the data provided by Flak et al. (2011) , whose study also used a long-term stress. Results described in previous reports using shorter stress stimuli indicate that gene expression of oxytocin in hypothalamic magnocellular nuclei may increase, decrease, or remain unchanged (Jezova et al. 1995 , Zheng et al. 2010 , Babygirija et al. 2012 .
Treatment with atosiban induced slightly equivocal changes in anxiety behavior. No significant changes were observed in classical plus maze parameters. For one of the ethological parameters, head dipping, stress exposure resulted in a decrease in reflection of its anxiogenic effect in vehicle-treated rats but not in atosiban-treated rats. However, the baseline level of anxiety behavior in atosiban-treated control rats was lower, though not significantly, than that in vehicle-treated rats. Hence, further reduction by stress exposure might not have been possible. It should be noted that, to our knowledge, no data are available on the permeability of the blood-brain barrier to atosiban. However, centrally mediated effects of peripherally injected atosiban have also been reported by other authors (Broadbear et al. 2011 , Mak et al. 2012 , indicating that the drug can reach at least certain regions of the brain. Several areas in the brain called circumventricular organs, including parts of the hypothalamus, are not protected by the blood-brain barrier (Bartanusz & Jezová 1992) . Supporting of the possibility that the action of atosiban could be exerted via a circumventricular organ is our previous detection of an oxytocin response to another peripherally injected neuropeptide mediated by a brain region unprotected by the blood-brain barrier (Bartanusz & Jezová 1994) .
A recognized negative consequence of chronic stress is impairment of brain plasticity (Mirescu & Gould 2006 , Babic et al. 2012 and this was also demonstrated in the present experiments. A significant decrease in cell proliferation, reflected by lower levels of BrdU incorporated into the DNA, was observed. However, BrdU incorporation into the DNA was unaffected by chronic treatment with atosiban. As atosiban is a blocker of oxytocin and vasopressin 1A/1B receptors, these receptors do not seem to play a major role in the decrease in cell proliferation in the hippocampus induced by stress exposure.
In conclusion, treatment with the oxytocin and vasopressin 1A/1B receptor antagonist atosiban results in an increase in copeptin release and a decrease in hypothalamic oxytocin receptor gene expression without altering the stress-induced decrease in cell proliferation. This study provides the first data, to our knowledge, revealing the effect of atosiban on gene expression of oxytocin receptors in the brain. Further studies are needed to confirm atosiban-induced changes in behavior. It may be suggested that oxytocin and vasopressin 1A/1B receptors are not deeply involved in impairments of brain plasticity induced by stress exposure. Elevation in vasopressinergic tone by atosiban treatment, reflected by increased concentrations of plasma copeptin, should be considered with respect to its clinical use. We hope that the present results will encourage the performance of clinical trials aiming to explore possible atosiban modulation of hormone release and action.
